This paper presents numerical analysis of soil-structure-interaction (SSI) of tall reinforced concrete chimneys with piled raft foundation subjected to El Centro ground motion (1940) using finite element method. Seismic analysis in time domain was performed on the basis of direct method of SSI on the three-dimensional SSI system. The chimney, foundation, and soil were assumed to be linearly elastic in the analysis. The stress resultants and settlement of raft of piled raft foundation were evaluated under different soil properties and different geometrical features of raft and chimney. Soil properties were selected based on the shear wave velocity corresponding to sand in the loose to dense range. Chimneys with different elevations of 100 m, 200 m, and 400 m were taken with a ratio of height to base diameter of chimney of 17. Raft of different thickness was considered to evaluate the effect of stiffness of foundation. Results were analysed to assess the significance of characteristic of the ground motion. It is found that the response in the raft depends on the different parameters of chimney, foundation, and soil. It is also found that the higher modes of SSI system are significant in determining the response in the raft.
Introduction
Most of the analysis of piled raft foundation neglects the effect of geometrical and material features of the superstructure. Generally the loads and moments from the superstructure to foundation are only considered for the analysis of foundation. The shape and size of the superstructure such as chimney have their own significance to determine the responses in foundation. Chimneys are tall and slender structures with tapering geometry. Analysis of such kind of chimneyfoundation system that rests on soil which is of unfavorable geotechnical conditions will be too complex especially when it is subjected to earthquake ground motions. The present study deals with the seismic analysis of chimney with piled raft foundation considering the flexibility of soil in time domain.
Background of the Problem
Very few studies have been carried out in the area of dynamic analysis of soil-piled raft-structure interaction compared to that of soil-pile-structure interaction [1] [2] [3] . Field measurements were taken by Yamashita et al. [4] to understand the static and seismic behavior of a piled raft foundation which is supporting a 12-story base-isolated building in Tokyo from the beginning of the construction to 43 months after the end of the construction. During the monitoring period of the building, Tohoku Earthquake (2011) struck the building site. From the above study, it was found that the horizontal accelerations of the superstructure were reduced to approximately 30% of those of the ground near the ground surface by the input losses due to the kinematic soil-foundation interaction in addition to the base isolation system. This study pointed out the relevance of detailed analysis of soil-foundation-structure system under seismic ground motions. The load sharing between the raft and the pile was studied by many researchers [5] [6] [7] . An approximate analysis for piled raft foundations for the vertical load was carried out by Ta and Small [8] . It is observed that most of the recent literatures [9] [10] [11] [12] [13] [14] [15] concentrated on the study of piled raft foundations under vertical loads only. Chaudhary [16] investigated the effectiveness of pile foundation in reducing 2 ISRN Civil Engineering settlement by comparing the results of piled raft foundation and the raft foundation alone. The effect of the superstructure is not considered in these piled raft studies.
The two basic methods involved in the solution of soil-structure interaction (SSI) problems are referred to as the direct method and substructure method. Wolf [17] clearly described these basic methods. The entire structurefoundation-soil system is modeled and analyzed in a single step as per the direct method of SSI. One of the main advantages in this method is that it can be easily implemented using a finite element platform. The nonlinear material laws of the soil can be taken into account using this method. Many recent studies [18] [19] [20] utilised this method for the SSI analysis of complex structures using the powerful computing efficiency in most modern computers. In substructure approach, the soil-structure system is divided into two substructures, the soil medium and the structures. This method is based on the principle of superposition. One of the drawbacks in this method is that only linear systems can be analysed [21, 22] .
Very few studies were conducted for the static and dynamic SSI analysis of chimney-foundation system. The distribution of bending moments and shear force along the height of chimneys due to earthquake ground motion considering the soil flexibility was studied by Arya and Paul [23] . In the above study, the chimney was idealized by lumped-mass model, and soil below chimney-raft system was idealized by equivalent linear elastic translational and rotational springs and dashpots. A semianalytic mathematical model was proposed by Pour and Chowdhury [24] which was based on both seismic and aerodynamic response of tall chimneys for various soil stiffness and was compared with the fixed base conventional method. It was found that the SSI effects were reliant on the characteristic of the seismic excitation in addition to chimney properties. The effect of long duration earthquakes in a 215 m tall chimney with annular raft foundation considering SSI was studied by Mehta and Gandhi, [25] using finite element technique. From the above study it was concluded that the time period increases up to 9% for soft soil in fundamental mode and up to 80-85% for higher modes. All the above studies observed the response of chimney due to soil flexibility. The effect of SSI on the annular raft foundation of tall RC chimneys subjected to along-wind load was studied by Jayalekshmi et al. [26] and it was found that, due to the effect of flexibility of supporting soil, there is a considerable reduction in the bending moments in the annular raft foundation.
The annular raft foundations are more reasonable and economical than the full circular raft for industrial chimneys. If the geotechnical conditions are not favorable for raft foundations, piled foundations can also be used. Skinfriction piles are more suitable to chimney foundations than end-bearing piles, since greater uplift capacity is generally available [27] . Very limited studies concentrated on the seismic analysis of chimney-piled raft-soil system. Therefore, the present study focuses on the three-dimensional SSI analysis of chimney with piled raft foundation subjected to El Centro (1940) earthquake ground motion in time domain. Finite element method is utilized for the evaluation of stress resultants and settlements of the raft of piled raft foundation.
The results obtained from finite element analysis are compared with that obtained from the conventional analysis of annular raft foundation as per Indian standard code IS:11089-1984 [28] .
Analysis of Annular Raft Foundation as per IS:11089-1984
The basic assumptions of conventional method of analysis of annular raft foundation given in IS:11089-1984 [28] are as follows. (i) The foundation is rigid relative to the supporting soil and the compressible soil layers which are relatively shallow.
(ii) The contact pressure distribution is assumed to vary linearly throughout the foundation. The cross-sectional elevation and plan of chimney with annular raft foundation and the pressure distribution under annular raft are given in Figure 1 . As per IS:11089-1984 [28] , the nonuniform pressure distribution under annular raft is modified to uniform pressure distribution , equivalent to 1 + 0.5 2 , where 1 is uniform pressure due to dead loads ( ) and 2 is pressure due to bending effects ( ) as shown in Figure 1 . The formulae for circumferential and radial moments and , respectively, are given in Figure 1 :
For > ,
where and are the outer and inner radius of annular raft respectively, is the radial distance, and is the radius of chimney windshield at base. 
SSI Analysis of Chimney with Piled Raft Foundation
The finite element analysis was carried out based on direct method of SSI for the tall RC chimney with piled raft foundation founded on soil with different geotechnical properties. The geometrical properties of chimney and the foundation were also varied to study the effect of SSI. The integrated chimney-piled raft-soil system was analysed for El Centro (1940) ground motion in time domain. The stress resultants of the raft of piled raft foundation obtained from SSI analysis were compared with that obtained from the conventional analysis considering rigidity at the base of the foundation. The settlement of raft is also studied due to the effect of SSI of chimney-piled raft system.
Idealization of Chimney.
The tallest chimney in the world has more than 400 m height. Therefore, in this study, chimney elevations of 100 m, 200 m, and 400 m were considered. Practical range of slenderness ratio (ratio of height to base diameter) of chimneys varies from 7 to 17 [29] . Slender chimneys with slenderness ratio of 17 were selected for the study. The taper ratio (ratio of top diameter to base diameter) and ratio of base diameter to thickness at bottom were considered as 0.6 and 35, respectively. The thickness at top of chimney was taken as 0.4 times the thickness at bottom, but the minimum thickness at top was kept at 0.2 m. All the above chimney parameters were selected based on the study conducted by Menon and Rao [29] . Details of different geometric parameters of chimney are given in Table 1 . M30 grade concrete and Fe 415 grade steel were selected as the materials for chimney.
Idealization of Piled Raft Foundation.
The chimney is supported by piled raft foundation. The raft of piled raft foundation was considered as annular with uniform thickness. The overall diameter of raft for a concrete chimney is typically 50% greater than the diameter of the chimney shaft at ground level [27] . The ratio of outer diameter to thickness ( / ) of annular raft was taken as 12.5, 17.5, and 22.5 based on the study conducted by Jayalekshmi et al. [26] . RC friction piles of 20 m length (l) and 1 m diameter were considered. For friction piles, the optimum spacing recommended is 3d where d is the diameter of the pile. Spacing (s) of 3d ensures that interference of stress zones of adjacent friction piles is minimum and results in a high group efficiency. Therefore, s/d of 3 was selected for the present study. M30 grade concrete and Fe 415 grade steel were selected as the materials for piled raft foundation. Table 2 gives the details of different geometric parameters of raft and the total number of piles.
Idealization of Soil Stratum.
The soil is idealized by single homogeneous strata of 30 m depth beneath the foundation. To study the effect of SSI, the properties of the soil stratum were varied. For this, four types of dry cohesionless soil were selected and they are S1, S2, S3, and S4 which represent loose sand, medium sand, dense sand, and rock, respectively. The properties of the soil stratum were defined by its shear : External diameter of the raft, : internal diameter of the raft, and : thickness of the raft. wave velocity, mass density, elastic modulus, and Poisson's ratio as per [30, 31] . Coefficient of internal friction between the soil and the pile were taken as per Meyerhof given in the Foundation Engineering Handbook (Fang [32] ). The properties of the soil stratum are given in Table 3 .
Finite Element Modeling.
The finite element modeling and seismic analysis were carried out using the finite element software, ANSYS. In the finite element modeling, SHELL63 elements were used to model the chimney and the raft of piled raft foundation. SHELL63 element is defined by four nodes having six degrees of freedom in each node. The threedimensional soil stratum and the pile were modeled with SOILD45 elements with eight nodes having three translational degrees of freedom at each node. The surface-surface contact elements were used to represent the interaction between pile and soil. The pile surface was established as "target" surface (TARGE170), and the soil surface contacting the pile as "contact" surface (CONTAC174); these two surfaces constitute the contact pair. The coefficient of friction was defined between contact and target surfaces and is shown in Table 3 . The chimney shell was discretised with element of 2 m size along height and with divisions of 7.5 ∘ in the circumferential direction. Diameter and thickness of chimney were varied linearly along the entire height. The raft and soil strata were discretised with divisions of 7.5 ∘ in the circumferential direction. Three-dimensional finite element model of the integrated 200 m high chimney-piled raft-soil system was generated using the ANSYS software and is shown in Figure 2 . The finite element models of piled raft and that of a single pile are shown in Figure 3 . Figure 4 shows the plan view of raft of piled raft foundation of 200 m chimney.
Linear elastic material behaviour was assumed for chimney, piled raft, and soil. M30 grade concrete was selected for chimney and foundation. The modulus of elasticity for chimney was taken as 33.5 Gpa as per IS:4998 (Part1)-1992 [33] and that for foundation was taken as 27.39 Gpa. The Poisson's ratio and density of concrete were taken as 0.15 and 25 kN/m 3 , respectively, for both chimney and foundation. Elastic continuum approach was adopted for modeling the soil. The material properties such as elastic modulus, Poisson's ratio, and density for the three-dimensional soil stratum were taken from Table 3 . Bedrock was assumed at a depth of 30 m below the soil stratum [19] . Therefore, all the movements of soil stratum were restrained at bed rock level. It is required to represent the unbounded domain of soil medium in the finite element platform. The soil lateral boundary was restricted at sufficient finite distance so that the waves propagated from the soil cannot reflect back. The soil up to four times the breadth of foundation on sideways was considered in the analysis and viscous boundaries were applied in the lateral boundaries using spring elements for simulating the effect of infinite soil medium. The equation of motion with additional damping matrix * can be written as follows when the viscous boundaries are taken into account [34, 35] :
where * is the special damping matrix that may be considered as follows: where V and V are the dilatational and shear wave velocity of the considered medium, is the density of soil medium, , 1 , and 2 are the fields controlling the viscous dampers, and the subscripts and represent normal and tangent directions in the boundary. The viscous boundary is equivalent to a series of dampers on artificial boundary to absorb wave energy. It is implemented in the finite element analysis by using spring-damper element of ANSYS software.
Time History Analysis
The time history analysis of the integrated SSI system was carried out for ground motion corresponding to the longitudinal component of Imperial Valley earthquake at El Centro (1940) with a magnitude of 7.0 and peak ground acceleration of 0.319 g. The total duration of the ground motion taken is 30 seconds. Acceleration time history and associated fourier 
where is the natural frequency of the SSI system and is the damping ratio and it is expressed as a percentage of critical damping. In the present study, the damping ratio equivalent to 5% of critical damping is assumed as structural damping as per the previous dynamic soil-structure interaction studies [34, 35] . The horizontal loading due to wind and other causes were neglected. The responses in annular raft of piled raft foundation of chimney founded on flexible base obtained from finite element analysis were compared with that of rigid base obtained from conventional analysis. The variation of responses in annular raft due to the effect of flexibility of soil, effect of thickness of raft, and effect of frequency content in the ground motion is studied.
Results and Discussion
The three-dimensional seismic SSI analysis was conducted for RC chimneys with piled raft foundation. The effect of SSI was studied by considering four different soil types with respect to the geotechnical characteristic and three different ratios of outer diameter to thickness of raft. The significance of characteristics of the ground motion was also 6 ISRN Civil Engineering studied. The responses in terms of tangential and radial bending moment and settlement of raft of piled raft were evaluated from the finite element analysis. The absolute maximum response of tangential and radial bending moment and settlement of annular raft were considered from their response time histories. The tangential and radial bending moment in the raft of piled raft obtained from SSI analysis was compared with that obtained from the conventional analysis considering rigidity at the base of the raft foundation. The bending moments evaluated from conventional method are designated as IS11089 in graphs and tables.
Effect of Stiffness of Soil.
Four types of soils were selected, namely S1, S2, S3, and S4 which represent loose sand, medium sand, dense sand, and rock, respectively, in order to understand the effect of SSI on the tangential and radial bending moment in raft as well as the settlement of the raft of piled raft foundation.
Variation in Tangential Moment in Raft.
Effect of stiffness of soil on the tangential moments in raft of piled raft foundation was evaluated. The tangential moment in raft of piled raft obtained from SSI analysis was compared with that obtained from conventional analysis as per IS:11089-1984. The representative graphs for tangential moments at various radial locations from inner to outer edge of the raft of 100 m, 200 m, and 400 m chimneys are shown in Figure 7 .
It is found that the maximum tangential moment in raft is obtained at inner edge of the raft and it decreases towards the outer edge of the raft from conventional analysis of annular raft foundation. From the three-dimensional seismic analysis of integrated chimney-piled raft soil system, it is seen that the maximum tangential moment in raft is obtained at the chimney shell location ( / = 0.43 for = 100 m, / = 0.46 for = 200 m and / = 0.40 for = 400 m) in the raft. The effect of pile group on the raft is clearly visible from the moment response in raft of 400 m chimney as there is a sudden variation of moment at the pile locations in the raft. In the case of 100 m chimney, the effect of pile group on the moment response in raft is comparatively less as compared to that in 400 m chimney.
It is well clear that the tangential moment increases with the decrease in stiffness of soil. This may be due to the fact that the raft of piled raft foundation behaves as a rigid plate when the structure interacts with loose sand. The time history plot of tangential moment in raft at chimney windshield location of 100 m chimney ( / = 12.5) is shown in Figure 8 . It is found that the absolute maximum moment response in raft is obtained at 4.56 s, 4.42 s, 4.38 s, and 4.36 s for the raft ( / = 12.5 and = 100 m) that interacts with soil types S1, S2, S3, and S4, respectively.
The maximum tangential moment obtained from conventional analysis and SSI analysis is given in Table 4 . It is observed that the maximum tangential moment obtained from the conventional analysis is more than that obtained from the SSI analysis. The decrease in variation of tangential moment in raft of flexible base from that of rigid base is more for 100 m chimney compared to that in 200 m and 400 m chimneys.
Variation in Radial Moment in Raft.
The radial moment response in annular raft of piled raft foundation is studied due to that the effect of flexibility of soil is studied. The radial moment in raft is also evaluated from conventional analysis. The representative graphs for radial moments at various radial locations from inner to outer edge of the raft of 100 m, 200 m, and 400 m chimneys are shown in Figure 9 . Like conventional analysis, the SSI analysis also shows the maximum moment at chimney windshield location in raft. It is also found that the radial moment in raft decreases with the increase in stiffness of soil. Raft behaves as flexible plate when it is founded on very stiff soil. Moment sharing by the piles is seen as a sudden variation of moment in raft at the location of piles.
The time history plot of radial moment in raft at chimney windshield location of 100 m chimney ( / = 12.5) is shown in Figure 10 . The absolute maximum radial moment response in raft is obtained at different times when the chimney-raftsoil system interacts with different types of soil. The absolute maximum radial and tangential moments in raft occurred at 4.56 s, 4.42 s, 4.38 s, and 4.36 s for chimney with foundation ( / = 12.5) resting on soil types S1, S2, S3, and S4, respectively. Table 5 presents the maximum radial moments obtained from both conventional analysis and SSI analysis. It is found that the maximum radial moment in raft ( / = 12.5) obtained from SSI analysis is more than that obtained from conventional analysis for the 100 m chimney founded on soil types S1 and S2. The radial moment in raft of 200 m chimney resting on all soil types shows higher values than that obtained from conventional analysis. In the case of 400 m chimney, it is seen that the maximum moment obtained from conventional analysis is more than that obtained from the SSI analysis. Therefore it is clear that unlike tangential moment, the effect of SSI is more in the case of radial moment response than in raft of chimney. The maximum increase in radial moment in raft is observed for 200 m chimney ( / = 12.5) and the percentage variations of moments are 244.32%, 182.84%, 109.69%, and 44.01%, respectively, for chimney resting on the soil types S1, S2, S3, and S4 from the conventional analysis.
Variation in Settlement of
Raft. The representative diagrams of the settlement of raft ( / = 12.5) of 100 m, 200 m, and 400 m chimneys at various radial locations from inner to outer edge along the centre of the raft are shown in Figure 11 . It is seen that as the soil type is varied from S4 to S1, that is, from rock to loose sand, the settlement of the raft increases. The soil deformation is negligible for the stiff soil type S4. The settlement pattern shows that the maximum settlement is obtained at chimney windshield location in the raft and it decreases towards the outer edge of the raft when the chimney with the foundation rests on soil types S2, S3, and S4. The same settlement pattern is observed for the raft of 400 m chimney founded on soil type S1. The settlement of raft of shorter chimneys ( = 100 m & 200 m) founded on loose sand shows the maximum settlement at the outer edge of raft.
The absolute maximum settlement of raft ( / = 12.5) of 100 m chimney founded on soil type S1 shows the maximum value at the outer edge and it occurred at 5.82 s during the ground motion. The absolute maximum settlement of raft of same chimney resting on soil types S2, S3, and S4 occurred at the chimney windshield location in raft at 5.66 s, 5.62 s, and 5.60 s, respectively, during the ground motion. It is found that the maximum absolute settlement of raft and the maximum absolute bending moment in raft are obtained at different times from the time history analysis of chimney-piled raftsoil system. The maximum settlement of raft of piled-raft foundation is tabulated in Table 6 . The maximum settlement of raft is observed for 400 m chimney supported on raft ( / = 22.5) of piled foundation resting on soil type S1.
Effect of Stiffness of Raft.
The effect of thickness of the raft was investigated by considering three different ratios of diameter to thickness ( / ) of the raft and the ratios are 12.5, 17.5 and 22.5. It is found that the bending moments in raft of piled raft obtained from SSI analysis increases with decrease in / ratio. This is because of high structural rigidity of the raft of piled raft foundation of chimney for lower / ratios.
A decrease in the variation of bending moment in raft of flexible base from that of rigid base, with respect to increase in the / ratio is also seen. The variations are found more in chimney-foundation system resting on soil type S1. From the SSI analysis, it is observed that the tangential moment in raft decreases in the range of 20-25% as the thickness of raft reduces from / = 12.5 to / = 17.5 for all chimneys resting on soil type S1. The tangential moment of raft of / = 22.5 reduces from that of / = 12.5 by 31-39%.
In the case of variation of radial moment, the maximum variation is seen for 200 m chimney resting on soil type S1. Here the reduction is 81.94% and 139.3% respectively for rafts with / ratio of 17.5 and 22.5 from that of / = 12.5 showing considerable effect of stiffness of the foundation. Similarly, the variation among the rafts with / ratio of 17.5 and 22.5 from that of / = 12.5 is 54.16% & 91.32% for 100 m chimney and 28.68% & 53.47% for 400 m chimney respectively.
The settlement of raft increases with increase in the / ratio. The maximum variation of settlement in raft with / ratio of 17.5 and 22.5 from that of / = 12.5 is 41.56% and 75.29% respectively for 400 m chimney. (Figure 6 ), it is seen that the maximum amplitude lies at 1.17 Hz and there are no predominant frequency contents available in the range of fundamental natural frequencies of SSI system of 400 m chimney. It is also noted that there is not much peak amplitude frequency content which lies in the range of fundamental natural frequency of 200 m high chimney-piled raft-soil system, but there are some higher peaks in amplitude corresponding to frequencies of third mode (1.07 Hz-1.23 Hz) of this SSI system. Some high amplitude frequency contents exist in the range of fundamental frequencies of SSI system of 100 m chimney. From the radial bending moment response in raft, it is seen that the effect of seismic SSI is more suitable for the 200 m chimney than to other chimneys due to the contribution from the third mode response. Therefore, the radial moment response in raft of piled raft of 200 m chimney with flexible base is high.
Effect of Frequency Content in the Ground
From the SSI analysis, the maximum settlements of raft of 100 m, 200 m, and 400 m chimneys are 3.16 mm, 4.3 mm and 4.47 mm, respectively. These maximum settlements are obtained for thinner rafts of / = 22.5 resting on loose sand. It is obvious that the settlement of raft increases with increase in height of chimney due to the self-weight of the structure. It is also noticed that the maximum settlement of the raft ( / = 12.5) of 200 m chimney is more than that of 400 m chimney for all soil cases and this is due to the significant contribution from the higher mode participation in the response. It clearly indicates the significance of structural geometry and characteristics of ground motion in determining the response in the raft of chimney-piled raftsoil system.
Conclusions
The effect of SSI is studied for tall reinforced concrete chimneys with piled raft foundation subjected to El Centro (1940) ground motion. The material properties of the soil and geometric properties of the chimney and raft of piled raft foundation were varied to understand the significance of SSI. The responses such as radial and tangential bending moment in raft and settlement of raft were considered for study. The absolute maximum bending moment in raft from SSI analysis is compared with that obtained from conventional analysis.
The following conclusions are drawn from the present study. 
